Introduction-Dystonia is a neurological disorder associated with twisting motions and abnormal postures, which compromise normal movements and can be both painful and debilitating. It can affect a single body part (focal), several contiguous regions (segmental), or the entire body (generalized), and can arise as a result of numerous causes, both genetic and acquired. Despite the diversity of causes and manifestations, shared clinical features suggest that common mechanisms of pathogenesis may underlie many dystonias.
Introduction
Dystonia is a neurological disorder characterized by involuntary muscle contractions that cause debilitating twisting movements and postures. The causes of dystonia are heterogeneous. Dystonia is classified as primary (idiopathic) when it occurs in the absence of other features, or secondary, when it occurs in response to an identifiable cause such as trauma or disease. In addition to etiological heterogeneity, dystonia can be categorized according to the scope of impairment: focal dystonias affect isolated regions of the body, segmental dystonias involve two or more contiguous regions and generalized dystonias involve broader regions, often including the trunk.
While these distinctions are useful clinically, the estimated prevalence of each individual type of dystonia is modest, leading to the perception that dystonia is a rare or "orphan" disorder. However the similarities that define the clinical diagnosis of dystonia suggest that common mechanisms may exist. It is therefore possible that the pathology underlying the spectrum of individual dystonias may ultimately be attributed to abnormalities in a few shared pathways. From a treatment perspective, the identification of shared features of pathogenesis may promote the development of broadly effective therapies. This approach has been used successfully in a number of etiologically diverse disorders. Chemotherapeutics, for example, are based on the understanding that all cancers are characterized at the most basic level by rapidly dividing cells. Administering pharmacologic agents that interrupt the cell cycle is therefore effective across a broad range of cancers, regardless of the diverse molecular etiologies. Similarly, while the causes and manifestations of epilepsy are diverse and in many cases unknown, current treatments targeted to presumed common pathways are effective in a broad range of patients.
Unlike other movement disorders, dystonia is not consistently associated with anatomical markers or obvious neurodegeneration. For this reason, the information that can be attained from studies in human patients is limited. Animal models of dystonia are therefore critical in determining the underlying pathogenesis. In the past decade, a number of animal models have become available which can be generally divided into two categories: etiologic or phenotypic. Animal models that mimic the inciting event or genetic predisposition (etiologic models) are useful for tracing the progression of downstream consequences that ultimately produce dystonia. In contrast, animal models that exhibit motor syndromes comparable to those seen in the human disorder (phenotypic models) can be used to work backwards through the pathophysiology. This review incorporates data from human subjects and data from animal models, to identify shared pathways that may be critical for understanding mechanisms and therapeutic strategies.
Biological Levels of Dysfunction

Cellular
2.1.1 Dopamine signaling-Abnormalities in the brain dopamine (DA) system are observed across etiologically diverse dystonias, suggesting DA dysfunction may be critical in the pathophysiology of dystonia [1] . Consistent with this idea, dystonia has been reported in Parkinson's disease (PD) [2, 3] , a disorder associated with frank degeneration of nigrostriatal DA neurons. Though relatively uncommon, focal dystonias have been reported in several cases as the presenting symptom prior to the onset of PD [3] [4] [5] . This is particularly true in the case of young onset PD, in which foot dystonia is typical [2, 6] . More commonly, dystonia arises in advanced stages of PD as a complication of treatment with L-DOPA, the precursor to dopamine that is prescribed to increase brain dopamine concentrations [7, 8] . In these patients, dystonia occurs when L-DOPA reaches a minimum threshold (off-period dystonia) [9, 10] . That dystonia can arise as a result of daily fluctuations in DA agents suggests an acute mechanism of dysfunction. However, because dystonia occurs only after chronic L-DOPA treatment, long-term adaptations in the DA system may be involved as well. Consistent with this idea, drug-induced (tardive) dystonia can occur after either acute or chronic treatment with DA antagonists in patients suffering from psychiatric or gastrointestinal conditions [11, 12] . In these individuals, dystonia can persist even after neuroleptic therapy is terminated [11, 13] . Together, these data implicate both acute and long-term changes in DA function in dystonia.
Dystonia also occurs in a number of developmental disorders that are associated with DA dysfunction. Segawa disease, or DOPA-responsive dystonia (DRD) [14] [15] [16] [17] [18] [19] [20] is characterized by childhood-onset generalized dystonia, in which symptoms are mild in the morning and worsen throughout the course of the day (diurnal fluctuation) [21, 22] . This disorder is defined by the dramatic improvement in symptoms upon administration of low doses of L-DOPA. Mutations in genes associated with DA synthesis underlie the majority of cases of DRD (Figure 1) . The most common form of DRD is caused by mutations in GTP cyclohydrolase (GCH), the rate-limiting enzyme in tetrahydrobiopterin (BH 4 ) synthesis [15, 20] . Tetrahydrobiopterin is an obligatory co-factor for several enzymes, including tyrosine hydroxylase (TH), the rate-limiting enzyme in catecholamine synthesis. Mutations that result in DRD reduce GCH enzyme activity to 2-20% of normal [23] , which in turn reduces TH activity, ultimately leading to nigrostriatal DA concentrations of <20% of normal values [15, 23] . Mutations in other genes encoding enzymes critical in BH 4 synthesis such as 6-pyruvoyltetrahydropterin synthase (PTPS) [16, 20] and sepiapterin reductase (SPD) [14, 19] have comparable results, reducing, but not abolishing TH activity. Mutations in TH itself also cause DRD. Here again TH activity is reduced to 2-20%, resulting in reduced but not abolished DA concentration. [17, 18, 24] . Overall, it appears that a significant reduction in dopamine during development, as opposed to a total loss, is sufficient to produce dystonia.
Dystonia is also a prominent feature of Lesch-Nyhan disease (LND), a developmental syndrome that is also characterized by self-injurious behaviors [25, 26] . LND is caused by mutations in hypoxanthine-guanine phosphoribosyl transferase (HPRT), which encodes the HPRT enzyme involved in the purine salvage pathway. In addition to HPRT hypofunction or complete deficiency, LND is associated with 70-90% loss of DA in the basal ganglia, as determined on autopsy [27, 28] . As in DRD, DA is significantly reduced, but not abolished, and is not associated with cell death or degeneration. Studies in HPRT-deficient mice have demonstrated that this effect is restricted to the DA system, as concentrations of other neurotransmitters, including norepinephrine, serotonin and gamma aminobutyric acid (GABA) are comparable to controls [29] . The early-onset of LND, combined with the lack of overt cell death or degeneration, suggests that abnormalities in the functional development of the brain DA system may underlie this disorder. Data from a recent study suggests a mechanism whereby HPRT may directly affect the development of the DA system. HPRT-deficient cell lines express higher levels of engrailed 1 and 2, transcription factors that are critical in DA neuron differentiation and survival [30] . This was accompanied by a reduction in neurite outgrowth. This phenomenon was also shown in primary fibroblasts from LND patients, and correlated with disease severity. Together, these data suggest that HPRT deficiency may affect the initial wiring of the brain DA system during early development, which may ultimately result in the dystonic component of LND.
Functional changes in dopaminergic neurotransmission have also been demonstrated in other forms of dystonia. For example, in a patient suffering from paroxysmal exerciseinduced dystonia cerebrospinal fluid levels of the DA metabolite homovanillic acid (HVA) were elevated twofold following an attack [31] . Data from the dystonic (sz) hamster, which exhibits paroxysmal dystonia, is consistent with this finding, whereby DA and its metabolites are specifically elevated in the striatum during stress-induced dystonic attacks [32] . In contrast, in DYT1 mutant mice [33, 34] , which express a mutation in human torsinA, a protein that is implicated in early-onset torsion dystonia (DYT1 dystonia), extracellular dopamine concentrations are markedly reduced in response to amphetamine suggesting impaired dopamine release or reuptake mechanisms. Likewise, extracellular dopamine is reduced during dystonic attacks in the tottering mouse model of generalized dystonia and after pharmacologically inducing generalized dystonia in normal mice by applying glutamate agonists to the cerebellum [35] .
Reduced striatal D2 receptor binding is also frequently observed in dystonia and has been demonstrated in a number of human idiopathic dystonias, including blepharospasm [36] , rotational torticollis [37] , and cervical dystonia [38] . Imaging studies in individuals suffering from spinocerebellar ataxia type 2 (SCA2), in which head and neck dystonia were prominent reveal significant reductions in D2 dopamine receptor binding compared to control subjects [39] . A significant reduction in striatal D2 receptor availability has also been observed in DYT1 dystonia patients [38] . Experiments using animal models of dystonia have provided additional insight into the role of D2 receptors in the pathology of dystonia. Consistent with the results of imaging D2 dopamine receptors in DYT1 patients, functional changes in striatal D2 receptors have also been found in DYT1 mutant mice (hMT) [33, 34] , which express a mutation in human torsinA. Under physiologic conditions, D2 receptors act presynaptically to modulate DA release and reuptake, but are also present post-synaptically, where they modulate striatal GABA release. In hMT mice, postsynaptic D2R function is reduced, as demonstrated by impaired physiological response to D2 dopamine receptor agonists, a reduction in D2 dopamine receptor protein and a reduction in G-protein activation. Interestingly, a recent study demonstrated that biofeedback-based sensorimotor training significantly increased striatal D2 binding in individuals suffering from focal hand dystonia (FHD), as determined by [ 123 I]iodobenzamide single-photon emission computed tomography [40] . D2 binding, which was restored to nearly normal levels (based on age/sexmatched healthy subjects) correlated with clinical improvement, suggesting it may be possible to correct the underlying molecular dysfunction with non-invasive interventions.
Despite the strong link to dystonia, pharmacological agents that enhance or inhibit DA signaling provide only modest relief for most dystonias, and are accompanied by significant risk of adverse side effects [41] [42] [43] . For example, while L-DOPA therapy leads to dramatic improvement in DRD patients, studies in other patient populations have yielded conflicting results, with some reporting improvement, and others reporting worsening of symptoms [42, 44] . As discussed, DRD is associated with mutations in genes that are critical to DA synthesis. It is therefore not surprising that individuals with DRD consistently respond to L-DOPA treatment. The contradictory results in other studies are likely a consequence of the presence of mixed patient populations. Several reports have indicated that dopamine receptor antagonists may be effective in ameliorating symptoms in certain types of dystonia. For example, risperidone, an atypical antipsychotic with high affinity to the D2 DA receptor, has been shown to be efficacious in both idiopathic and secondary dystonias [45] . Other neuroleptics, including quetipine and clozapine have also been found to reduce symptom severity, however side effects, including sedation and orthostatic hypotension were noted [43, 46] . It is paradoxical that both stimulation (via biofeedback-based sensorimotor training) and antagonism (via antipsychotic agents) of the D2 receptor are both effective in alleviating symptoms in different forms of dystonia. Though further investigation is needed, this suggests that divergence, in either direction, from an "optimal" level of DA signaling may contribute to the dystonic phenotype. Regardless, open label trials of neuroleptics for the treatment of dystonia have yielded mixed results [47] , blinded trials have not been conducted, and the side effects of currently available dopaminergic compounds preclude their use in dystonia. Further research into the nature of DA dysfunction in this disorder is therefore warranted, and may lead to the development of treatments that more effectively address the complex relationship between DA and dystonia.
Mitochondrial function-Accidental
exposure to the mitochondrial mycotoxin 3-nitropropionic acid (3-NPA) can cause dystonia in otherwise healthy individuals [48] [49] [50] .
Following an outbreak of non-inflammatory encephalopathy caused by ingesting moldy sugarcane, the inciting agent was identified as 3-NPA, a potent neurotoxin produced by arthrinium fungus. 3-NPA poisoning is characterized by severe gastrointestinal symptoms, convulsions and coma. Upon recovering from acute symptoms, approximately 25% of adolescent patients develop segmental or generalized dystonia [48, 49] . Imaging and autopsy studies have found that these individuals exhibit severe, selective degeneration of the basal ganglia, particularly within the striatum and globus pallidus [49, 51] . The extent of the damage is correlated with the severity of dystonia. It is thought that free radicals produced by 3-NPA react with DA to produce damaging quinone compounds [52] , which may account for the selective lesioning of the basal ganglia. Peripheral administration of 3-NPA to rodents and non-human primates results in a motor disorder that is comparable to that seen in humans [51, 53, 54] . In both cases, 3-NPA causes delayed-onset truncal and limb dystonia. In non-human primates, dystonic movements begin several weeks after treatment and progress until the symptoms become generalized [54, 55] . As in humans, the severity of dystonia is directly related to the degree of striatal damage [53] [54] [55] . Histological studies in animals have revealed that the most significant damage occurs in striatal projection neurons [53, 55] . This is accompanied by an increase in striatal dopamine, consistent with reduced striatonigral inhibition.
Dystonia is also found in a number of inherited mitochondrial disorders [56, 57] . Leber's hereditary optic neuropathy (LHON) was the first neurodegenerative disorder to be linked to mitochondrial dysfunction. Genetic analysis of affected individuals revealed a mutation in the mtDNA complex I gene MTND6 [58] . LHON is characterized by bilateral degeneration of the optic nerve and the basal ganglia, which causes sudden-onset blindness and generalized dystonia. Another movement disorder in which mitochondrial dysfunction is implicated is Leigh disease. Leigh disease is associated with a number of motor symptoms, including dystonia, chorea and ataxia [57] . Mutations in several different mitochondrial genes are associated with this disorder, however between 10 and 20% of individuals exhibit point mutations in ATP synthase F0 subunit 6 (MT-ATP6), a gene associated with proton transport across the mitochondrial membrane [59, 60] . Multiple focal regions of demyelination, capillary proliferation, and gliosis are observed in the basal ganglia, brainstem, and thalamus in this disorder. Unlike LHON, neuronal cell death is minimal in Leigh disease. Deafness-dystonia-optic neuropathy (DDON) syndrome, also known as Mohr-Tranebjaerg syndrome is another mitochondrial disorder in which dystonia is a prominent feature. This disorder is caused by a mutation in the deafness-dystonia peptide (DDP1) gene, which encodes the mitochondrial translocase subunit Tim8 A [61] . Mutations in DDP lead to abnormal protein transport within the mitochondria, however it is not yet known how this affects mitochondrial function or how it contributes to the pathophysiology of the disorder. Individuals with DDON exhibit general brain atrophy and gliosis [62] and reduced activity in the striatum and parietal cortex [63, 64] . Research in these types of disorders suggests that strategies designed to enhance existing mitochondrial energy production may be effective in ameliorating symptoms. For example, increasing riboflavin, a cofactor for mitochondrial complex I and II, was associated with improvement in several mitochondrial disorders in a number of small trials [65] [66] [67] . Recognizing mitochondrial dysfunction as a shared theme across dystonias may therefore be critical in identifying novel pathways for targeted therapeutic intervention.
In the absence of additional data, it is difficult to determine the exact relationship between mitochondrial dysfunction and dystonia in inherited mitochondrial disorders, which are often characterized by a number of neuropathologies. It is also difficult to determine whether the pathology associated with 3-NPA neurotoxicity can be extrapolated to other types of dystonias. It is therefore important to note that mitochondrial abnormalities have been observed in a number of idiopathic dystonias [68] [69] [70] [71] . For example, decreased complex I activity has been reported in patients with focal [68, 70] as well as segmental and generalized dystonia [68] . In one study the severity of the complex I deficit was found to be more pronounced in individuals with segmental or generalized forms than in those with focal dystonia [68] . Several instances of adult-onset dystonia have been linked to mutations in the gene encoding the ND1 subunit of the mitochondrial complex I enzyme [71] . ND1 is critical for complex I activity, and is highly expressed in cholinergic neurons in the striatum [72] . A mutation in the ND6 subunit, which like ND1 is also important for enzyme activity, has also been demonstrated in idiopathic dystonia [73] . In this case, the resulting reduction in complex I activity was accompanied by bilateral lesions of the striatum. Significant necrosis, particularly within the putamen, was noted in several other dystonic patients in which mitochondrial dysfunction was suspected [69, 74] , Importantly however, mitochondrial energy impairment and oxidative damage have been shown to occur in the absence of nigrostriatal degeneration in a genetic mouse model of PD [75] , indicating that abnormal mitochondrial activity may also be involved in primary dystonias which are not accompanied by neurodegeneration. Although the affected circuitry may be the same in both cases, it may be necessary to consider whether degeneration is present to determine the most effective therapeutic intervention.
Calcium
Regulation-Abnormal calcium homeostasis is also implicated in the pathophysiology of dystonia. Several dominantly inherited neurological disorders in humans are associated with mutations to the CACNA1A gene, which encodes the α 1 2.1 poreforming subunit of Ca V 2.1 (P/Q-type) voltage-gated calcium channels. For example, aberrant Ca V 2.1 channel activity has been implicated in both episodic ataxia type 2 (EA2) and spinocerebellar ataxia type 6 (SCA6) [76] [77] [78] [79] . These conditions are characterized by cerebellar ataxia with prominent dystonia. EA2 mutations primarily result in protein instability and loss of function [80] , while CAG repeats in the P-type channel underlie a toxic gain of function in SCA6 [81] . In both cases, the resulting change in calcium channel function is believed to underlie the motor disorders [82] . The presence of dystonic movements in these disorders firmly establishes dystonia as part of the clinical spectrum associated with Ca V 2.1 dysfunction [76] [77] [78] [79] .
Dystonia is also associated with mutations to the mouse Cacna1a gene. Two different targeted Cacna1a disruptions that completely abolish Ca V 2.1 activity result in a severe motor disorder that is reminiscent of generalized dystonia in humans [83, 84] . Several other recessively inherited dystonic syndromes have been described in mice bearing spontaneous Cacna1a mutations, including in tottering, rocker, leaner and wobbly mice [85, 86] . Leaner mice exhibit a severe and chronic generalized dystonia that resembles that of the null mice [87] . The leaner mutation disrupts normal splicing of the Cacna1a gene and causes an ~65% reduction in Ca V 2.1 currents and abnormal channel kinetics [87, 88] . Both tottering and rocker mice exhibit episodes of dystonia superimposed on a mild baseline ataxia, though the episodes in tottering mice are always generalized and those in rocker mice exhibit a range of anatomical distributions [89] . The missense mutations expressed by tottering and rocker mice occur within highly-conserved pore residues of the α 1 2.1 protein [90] . Electrophysiological studies demonstrate that Ca V 2.1 channels bearing the tottering mutation exhibit moderate ~40% reduction in calcium currents [91] . On the other hand, lethargic mouse mutants, which bear a spontaneous mutation within the auxiliary β4 Cacnab4 gene, exhibit relatively milder episodes of dystonia [89] that are associated with minor Ca V 2.1 calcium channel abnormalities [92] . Overall, the studies of calcium channel mutant mice suggest that a relationship exists between the extent of the underlying abnormal calcium signaling and the severity dystonia.
Several models also implicate abnormal Ca V 1.2 calcium channel (L-type) signaling in dystonia. In normal mice, systemic or central administration of L-type Ca 2+ channel agonists (±Bay K 8644 and FPL 64176) induces a motor syndrome that closely resembles generalized dystonia in humans [93] . In addition, tottering mouse dystonia is extremely sensitive to Ca V 1.2 activity, as low-doses of L-type calcium channel agonists induces dystonia and antagonists block dystonia [94] . Moreover, Ca V 1.2 antagonists also ameliorate the dystonia in a hamster model (sz) that does not arise from genetic defects in calcium signaling dystonic [95] .
Several other studies in humans have implicated calcium dysfunction in dystonia as well. For example, Wszolek and colleagues recently described an inherited syndrome characterized by extensive calcium deposition in the basal ganglia, thalamus, cerebral white matter, and cerebellum, which is accompanied by dystonic movements [96] . While no additional histological abnormalities were observed, PET imaging in two of the individuals demonstrated a reduction in D1 and D2 receptor binding and reduced 6-[ 18 F]fluoro-L-dopa uptake. An association between a calcium-sensitive potassium channel (BK) and paroxysmal dyskinesias has also been recently demonstrated. In this report, a mutation in the alpha subunit of the BK channel was found to increase Ca 2+ sensitivity three-to five-fold [97] . The authors propose that this increase in sensitivity may permit a faster rate of firing by inducing rapid repolarization, and that this may increase neuronal excitability, ultimately producing dyskinetic movements.
Together, this evidence suggests that abnormal calcium signaling is involved in dystonia. Calcium signaling plays a pivotal and complex role in neuronal excitability, however the mechanism whereby disruptions in normal calcium homeostasis cause dystonia remains unclear. Regardless, several compounds that regulate calcium signaling have been used to successfully treat neurological disorders, including dystonia, suggesting that targeting calcium channels is a novel therapeutic approach that should be explored.
Anatomical
A comprehensive examination of the brain substrates implicated in dystonia has recently been published and is outside of the scope of this review [98] . However several brain regions are consistently implicated across a number of etiologically-diverse dystonia, suggesting they may represent neuroanatomical correlates of a shared mechanism. These structures are discussed in greater detail below.
Basal Ganglia-Lesions
of the basal ganglia (BG) and its connections are frequently accompanied by dystonia [99] [100] [101] [102] [103] . Structural defects are most commonly reported in the caudate, the putamen, and the thalamus, manifesting as mild focal dystonia [100, 101] to severe generalized dystonia [103] , depending on the extent of the lesion. Lesions of the globus pallidus have also been reported in patients with focal or segmental dystonia [102] . Functional imaging studies often reveal abnormalities in the BG of dystonic patients, even when lesions are not observed [99] . As in cases with overt structural abnormalities, changes in blood flow and metabolic activity are most commonly reported in the caudate, putamen, and thalamus. For example, hyperperfusion of both the putamen and the thalamus, as determined by fluorodeoxyglucose PET, has been observed in cases of cervical dystonia [104] and DYT1 dystonia [105, 106] , while hyperperfusion of the caudate has been noted in blepharospasm [107] . This is consistent with data from fMRI studies, which found increased activity in all three regions in individuals with FHD [108] [109] [110] .
The comorbidity of dystonia and PD further implicates the BG in dystonia [5, 6, 111] . Derangement of basal ganglia pathways is the primary pathology in PD. It is therefore presumed that this phenomenon contributes to the expression of dystonic symptoms as well. Dystonia can also present in Huntington's disease (HD) [112, 113] , which is characterized by degeneration of the striatum. Interestingly, in young-onset HD, dystonia may be predominant over choreic movements, which are typical in adult-onset HD [114] . On autopsy, individuals with juvenile HD exhibit more severe degeneration, particularly within the caudate and putamen, than seen in adult-onset HD [115] . This may account for the difference in symptomology, providing further support for a role for the BG in dystonia.
The efficacy of neurosurgical interventions, including pallidotomy and deep brain stimulation (DBS), further implicate the basal ganglia in dystonia. For example, bilateral surgical ablation of the globus pallidus significantly improves generalized dystonia [116, 117] . In recent years pallidotomy has been rejected in favor of non-ablative DBS, however a review of the current literature suggests that the efficacy and safety of both procedures are comparable [118] . Regardless, DBS, primarily in the globus pallidus or the subthalamic nuclei, has proven effective in some primary and secondary dystonias, ranging from focal [81, 119] to generalized [81, [120] [121] [122] , including tardive forms [123] [124] [125] . The successful amelioration of symptoms in a wide-range of dystonias is particularly compelling evidence that BG dysfunction represents a shared component of the pathophysiology of dystonia.
2.2.2
Cerebellum-In addition to the BG, a growing body of evidence implicates cerebellar dysfunction in the pathophysiology of dystonia. Like the BG, cerebellar injury has been associated with the onset of dystonic symptoms in a number of cases [126] [127] [128] [129] [130] . Cerebellar stroke, for example, has been implicated in reports of acquired focal dystonias including cervical spasmodic torticollis [126, 128, 129] , blepharospasm [129] , and oromandibular dystonia [127] . Segmental hemidystonia was reported following vertebral artery occlusion in one case report [130] . Secondary dystonia has also been demonstrated in patients with cerebellar tumors [131] [132] [133] . In one patient suffering from cerebellar tuberculoma, focal limb dystonia resolved following tuberculostatic treatment [134] , providing further support for a direct relationship between the cerebellum and the presentation of dystonic symptoms.
Structural imaging studies have revealed abnormalities in the cerebellum in primary dystonias as well. Using voxel-based morphometry, several reports have shown changes in gray matter density in the cerebellum in idiopathic cervical dystonia [135, 136] , benign essential blepharospasm [136] , and in individuals with FHD [137] . Functional abnormalities, as indicated by changes in regional blood flow, have been demonstrated as well. Hyperperfusion of the cerebellum has been shown in exercise-induced paroxysmal dystonia [138, 139] , generalized dystonia [140] , and FHD [141] . In one patient with generalized dystonia, differences in blood flow were noted in the right versus left deep cerebellar nuclei (DCN), and between the right cerebellar cortex and the right DCN [140] , suggesting communication within the cerebellum itself may be compromised. Using [ 18 F]fluorodeoxyglucose and positron emission tomography, increased metabolic activity has also been demonstrated in the cerebellum in essential blepharospasm [142] and DYT1 dystonia [106] .
A recent study demonstrated abnormalities in cerebellar circuitry in DYT1 and DYT6 patients and non-manifesting carriers, [143] . Using diffusion tensor imaging (DTI), this study demonstrated that both manifesting and non-manifesting carriers exhibited reduced integrity of cerebellothalamocortical fiber tracts suggesting that abnormalities in cerebellar fiber tracts may represent an endophenotype in dystonias with a known genetic component. Interestingly, non-manifesting carriers displayed an additional area of fiber disruption along the thalamocortical portion of the pathway. Clinical penetrance could be predicted from the difference in connectivity measured in these two regions. This suggests that the second interruption may represent a compensatory mechanism whereby dystonic symptoms could be suppressed. In addition to providing insight into the incomplete penetrance of DYT1 and DYT6 dystonia, these data suggest that abnormalities in cerebellar signaling may lead to broader motor network dysfunction.
Animal models also implicate the cerebellum in the pathophysiology of dystonia. For example, robust induction of c-fos expression is observed in the cerebellum of tottering mice following dystonic attacks [144] . Dystonia is also associated with low-frequency oscillations in the cerebellar cortex in the tottering mouse, a phenomenon that is not observed in normal mice [145] . These oscillations are accompanied by increasingly coherent oscillations in electromyographic (EMG) activity in the face and hindlimb, providing strong support for an association between dystonic movements and abnormal activity in the cerebellum. Functional imaging studies have also revealed abnormalities in cerebellar activity in genetically dystonic (dt) rats [146] and hamsters [147] . Local application of kainic acid, a glutamate receptor agonist, to the cerebellar cortex causes robust, generalized dystonia in C57BL/6J mice [148] , demonstrating that direct manipulation of cerebellar signaling can produce dystonic symptoms in otherwise normal mice. In addition to demonstrating a role for the cerebellum in dystonia, the tottering mouse model is associated with aberrant calcium signaling, suggesting a potential link between these two themes. Finally, perhaps the most compelling evidence in support of a role for the cerebellum in dystonia is that surgical removal of the cerebellum has been shown to eliminate dystonia in the dt rat [149] , as well as the tottering [35] and lethargic [150] mouse mutants. Selective destruction of Purkinje cells in the tottering mouse also ameliorates dystonic symptoms [151] , suggesting that Purkinje cell dysfunction is critical in mediating the dystonic phenotype.
While these findings provide strong support for a role for cerebellar dysfunction in dystonia, a number of recent studies indicate that combined dysfunction in the cerebellum and the BG may underlie the expression of dystonic movements. In a mouse model of rapid-onset dystonia-Parkinsonism, pharmacological manipulation of cerebellar signaling resulted in aberrant activity in the BG, which was accompanied by robust generalized dystonia [152] . Selective lesioning of the deep cerebellar nuclei, the main source of cerebellar output, or the centrolateral nucleus of the thalamus, which represents the di-synaptic link between the cerebellum and the basal ganglia, ameliorated the dystonia, providing further evidence that communication within the larger motor network is critical for the expression of dystonic movements. The idea that both the BG and the cerebellum are involved in dystonia is consistent with other reports, which have demonstrated that striatal levels of extracellular DA are significantly reduced during dystonic attacks in both tottering mice and normal mice which received microinjections of kainic acid into the cerebellar cortex [35] . In this study, the authors also showed that subclinical lesions of the striatum, using either 6-OHDA or quinolinic acid, exaggerated the "cerebellar" dystonia in tottering and kainic acid-treated mice. Additional studies are needed to determine the relationship between these structures in dystonia, distinguishing between primary and secondary changes in network dysfunction. It will also be important to determine whether secondary changes are compensatory, and whether they are adaptive or maladaptive.
Systems
2.3.1 Plasticity-Plasticity within motor circuits is implicated as a key component of motor learning and memory. However, emerging evidence suggests that plasticity may also be a critical component of the pathophysiology of dystonia [153] [154] [155] [156] [157] . In humans, direct measurement of long term potentiation (LTP) and long term depression (LTD), the physiological correlates of synaptic plasticity, is largely impractical. There has been only one reported case in which cortical output was directly recorded from electrodes implanted in the upper cervical spinal cord of a patient with cervical dystonia [158] . In this study, cortical inhibition was found to be significantly impaired in the dystonic patient, as compared to non-dystonic individuals with electrode implants for pain management. Human studies implicating maladaptive plasticity have primarily relied upon the ability of transcranial magnetic stimulation (TMS) of the motor cortex to evoke detectable responses in a target muscle. TMS has been used clinically for many years to test the integrity of the corticospinal tract. Because TMS stimulates the axons of neurons that synapse on pyramidal efferents, the size of the response produced by a stimulus reflects the intrinsic excitability of the cortex. Motor evoked potentials recorded via electromyography are therefore indirect indicators of plasticity. Using a paired associative stimulation (PAS) paradigm, which combines TMS with median nerve stimulation to produce LTP in the sensorimotor system, one study demonstrated that cranial and cervical dystonia is associated with enhanced corticospinal excitability as compared to healthy controls [156] . Importantly, these abnormalities were not observed in patients suffering from hemi-facial spasm, a nondystonic condition, which suggests that it is not caused by the movement itself. A significant increase in excitability has also been observed in the S1 cortex of patients with focal hand dystonia [157] .
The excitation evoked by TMS is limited to superficial layers of the brain, meaning it is most useful for providing information about cortical plasticity. Evidence from animal models suggests that aberrant synaptic remodeling is also present in subcortical structures, particularly within the striatum [159] [160] [161] . For example, LTP and LTD is altered in corticostriatal synapses in slice preparations from a mouse model of DYT1 dystonia [160] . Specifically, it was shown that LTD was significantly attenuated in striatal medium spiny neurons, while the amplitude of LTP was significantly enhanced. As discussed previously, functional changes in striatal D2 DA receptors have been observed in the DYT1 mouse [33, 34] . D2 DA receptors are critical in mediating LTD [162] , and may therefore represent the anatomical correlate of aberrant plasticity in DYT1 dystonia. Interestingly, pharmacological blockade of adenosine A2A receptors (A2AR) can counteract the deficit in D2R-mediated neurotransmission in hMT mice [33] . Pharmacological blockade of A2ARs has been shown to mimic striatal postsynaptic D2R activation in MSNs [163] , suggesting that the deficit in D2 function in hMT mice may be compensated for by eliminating the opposing action of A2ARs. A similar increase in LTP in the cortico-striatal pathway has also been observed in the dt(sz) hamster, a model of paroxysmal dystonia [159] . Interestingly, in slice preparations from the DYT1 mouse, these abnormalities could be corrected by reducing acetylcholine, a major modulator of MSN plasticity [161] . This may explain the efficacy of anti-cholinergic drugs in the treatment of some dystonias.
Two potential mechanisms may underlie maladaptive synaptic remodeling in dystonia. It may either arise from an inherent defect in one or more of the components that drive plasticity, or from "over-training" via repetition of a specific movement. The fact that exaggerated plasticity is most often seen in task-specific dystonias such as FHD and musician's dystonia is consistent with the latter theory [153, 154, 164] . Prospective studies in human patients provide indirect support for this mechanism, demonstrating that grey matter volume in the contralateral primary motor hand area is reduced following sustained immobilization of the hand and increased following repetitive training of a manual activity within individuals suffering from FHD [165] . In another study, practice-dependent plasticity, defined by the acceleration of movement in a thumb abduction task, was measured in individuals with focal hand dystonia and healthy controls [166] . Healthy controls, but not those with FHD, exhibited homeostatic suppression of practice-dependent plasticity. Further, the degree to which suppression was impaired correlated with clinical severity of individual FHD. This is consistent with a mechanism that is dependent upon abnormal motor learning. Direct evidence of remodeling in response to over-training has also been shown in non-human primates [167] [168] [169] . For example, electrophysiologic mapping of the primary somatosensory cortex following over-training in a repetitive motor task showed dramatic remodeling characterized by enlarged and overlapping receptive field topography [167] . These changes were accompanied by motor symptoms comparable to focal hand dystonia in humans. Overall, over-training in some individuals causes dystonia while others are unaffected suggesting that it is the combination of genes plus environment that predisposes some individuals to respond with abnormal plasticity.
Determining the pathological process that leads to enhanced plasticity in the motor circuit may also be key in understanding the relatively low penetrance characteristic of many dystonias with a known genetic component. DYT1 dystonia, for example, is inherited in an autosomal dominant pattern. However, between 60 and 70% of carriers are asymptomatic [170] . DYT1 dystonia patients exhibit prolonged corticospinal excitability following TMS, as compared to non-manifesting carriers of the DYT1 mutation [155] , suggesting that a propensity for enhanced synaptic plasticity may be critical in the pathogenesis of dystonia. On the other hand, non-manifesting DYT1 carriers exhibit sub-clinical abnormalities in movement representation in the brain, as defined by changes in corticospinal excitability following TMS, when compared to healthy controls [155] . This implies that the ability to compensate for aberrant plasticity, as opposed to a predisposition towards enhanced plasticity, may be the differentiating factor between manifesting and non-manifesting individuals. In either case, maladaptive plasticity may represent an endophenotype that could prove to be useful for diagnostic purposes.
A number of current and emerging therapies may improve dystonic symptoms by affecting pathological plasticity. For example, botulinum toxin, the current standard of care, has recently been shown to reduce plasticity in the primary motor cortex in patients with primary dystonia [171] . In this study, PAS was administered to individuals with cervical dystonia before they received botulinum injections, as well as 1 and 3 months post-injection. Before the injection, PAS significantly facilitated MEPs in hand muscles. One month after the injection, MEPs were comparable to control levels, with partial recovery after 3 months. The authors propose that the attenuation of afferent input from the neck caused by the botulinum toxin results in reorganization of the motor cortex representation of hand muscles. Other traditional interventions, including limb immobilization [172] and constraint therapy [173] , may also restore normal levels of synaptic connectivity. Data from several recent studies indicates that both deep brain stimulation and TMS-induced improvement in dystonia may be the result of "normalized" plasticity in motor circuits as well [174] [175] [176] . Repetitive TMS of the somatosensory cortex, for example, has been shown to improve FHD and enhance cortical activity [176] . Comparable changes in cortical excitability have been observed following stimulation of subcortical structures [174, 175] , suggesting cortical plasticity can be modulated indirectly. This may ultimately prove to be an essential part of the mechanism underlying the efficacy of therapeutic stimulation in dystonia.
Inhibition-
The suppression of extraneous signaling is critical for the initiation and execution of movement. It is therefore not surprising that impaired inhibitory function has been implicated in many dystonias. Deficits in reciprocal inhibition in the spinal circuitry, for example, have been demonstrated in FHD, spasmodic torticollis, generalized dystonia and blepharospasm [177, 178] . Impaired reciprocal inhibition is believed to be the proximal cause of the characteristic co-contractions which define the clinical diagnosis of dystonia. Consistent with this theory, current therapies such as botulinum toxin and pallidal DBS have been shown to restore reciprocal inhibition in dystonia patients [179, 180] .
A loss of inhibitory function has also been demonstrated in higher levels of the nervous system, particularly within the cortex. Like plasticity, cortical inhibition can be measured using TMS. For example, short intracortical inhibition (SICI), which reflects interneuron activity, can be determined by pairing a conditioning stimulus which is sufficient to activate cortical neurons, but does not activate descending pathways, with a subsequent supratheshold stimulus. The intracortical activity evoked by the conditioning stimulus directly affects the amplitude of the MEP produced by the second stimulus, and is therefore an indirect measure of SICI. Deficits in SICI have been demonstrated in the motor cortex in individuals with focal hand dystonia [181] . Interestingly, this impairment was not restricted to the contralateral cortex, but was observed in both hemispheres. Deficits in interhemispheric inhibition have also been demonstrated in mirror dystonia, a type of focal hand dystonia in which dystonic posturing occurs in one hand when the other hand is moved [182] .
The ability to suppress excitability in an area surrounding an activated region (surround inhibition) is another type of inhibitory process that is believed to be compromised in dystonia. Although the concept of surround inhibition has not been widely investigated in the motor system, it is logical to hypothesize that as in the sensory system, where it contributes to precise perceptions, surround inhibition may contribute to the selective execution of desired movements. Indirect support for deficient surround inhibition in dystonia has been provided in several studies. For example, TMS of the M1 cortex paired with self-initiated flexion of the index finger normally results in significant suppression of MEP amplitudes in the little finger. In patients with focal hand dystonia, this paradigm has been shown to produce an increase in MEP amplitude in the little finger [183] . Similar deficits in inhibition in the premotor cortex have been documented in individuals with focal hand dystonia [184] .
A direct link between cortical inhibition and dystonia has been demonstrated in a series of studies in non-human primates. In the first report, the local application of bicuculline, a GABA-A antagonist, onto the motor cortex severely impaired fine motor control [185] . Comparable deficits were also observed in a visual reaction-time task in which the subjects were trained to press or release a lever in response to a visual cue. These impairments were attributed to co-contractions of agonist and antagonist muscles in the arm during the behavior. In a follow-up study, the authors demonstrated that bicuculline increased the firing rate of active cells, provoked activity in "silent" cells, and converted unidirectional cells (cells that responded to either pressing or releasing the lever) to bidirectional cells (which responded to pressing and releasing the lever) during the execution of the reaction-time task [186] . These findings provide greater insight into a number of molecular mechanisms that may underlie the phenomenon of reduced inhibition in dystonia.
Sensorimotor
Integration-Another theme in the pathophysiology of dystonia is the impairment of sensorimotor integration, although it is unclear whether this is driven by aberrant sensory input, or by a misrepresentation of sensory information at higher levels in the nervous system. While the precise location of signal derangement is not known, a number of clinical observations indicate that communication within the sensorimotor feedback circuit is compromised in dystonia.
The efficacy of the geste antagonistique, or sensory trick, in improving abnormal postures is compelling evidence for abnormal sensorimotor integration in dystonia. Sensory tricks involve touching the affected body part or an adjacent region in order to reduce or ameliorate the aberrant muscle contractions. For example, placing a hand on the chin or face can reduce muscle contractions in up to 70% of patients with cervical dystonia [187] . While sensory tricks were originally believed to work by distracting the individual's attention, physiological studies have since demonstrated that they produce measurable changes in muscle recruitment, as determined by EMG [188, 189] . The mechanism underlying this phenomenon is still unknown, however PET imaging has revealed that sensory tricks reduce the activation of the supplementary motor area and the primary sensorimotor cortex in individuals with cervical dystonia [190] , suggesting they may modulate central integration of sensory information. Sensory tricks are also effective in other forms of focal dystonia, including blepharospasm, oro-mandibular dystonia and FHD [191] [192] [193] .
Inherent sensory and perceptual abnormalities have been observed in dystonic patients as well. For example, the perception of the vibration-induced illusion of movement is abnormal in patients with focal dystonia [194] . This illusion is associated with similar perceptual abnormalities in asymptomatic first degree relatives [195] , suggesting that subtle deficits in sensory processing may represent an endophenotypic marker for dystonia. In another study, Kaji and colleagues found that vibration of the affected arm can induce dystonic posturing in individuals with focal hand dystonia [196] . In normal individuals, vibration of a muscle leads to increased MEP amplitude and reduced intracortical inhibition, however these changes are not observed in dystonic patients [197] . A number of studies have identified abnormalities in somatotopic representations in the sensorimotor cortex in dystonia [198] [199] [200] , suggesting the defect in integration may be localized to this region. However it is not clear whether these abnormalities are causative, or reactionary. Future studies are needed to determine the nature of the relationship between impaired sensorimotor integration and dystonia.
Expert Opinion
In addition to providing insight into the biological processes that underlie etiologicallydiverse dystonias, identifying shared features of pathogenesis can suggest novel targets for therapeutic intervention that have the potential to be effective in a broad group of affected individuals ( Figure 2 ). This approach has been successfully applied to epilepsy, another heterogeneous neurologic disorder. In this case, the identification of abnormalities in GABA neurotransmission and enhanced cortical excitability in a number of epileptic conditions has lead to the development of drugs that are effective in broad groups of patients, regardless of specific etiologies. The idea of shared pathways as targets for drug discovery is also being investigated in a number of other CNS disorders characterized by diverse molecular etiologies, including ataxia [201] , PD [202] , and depression [203] . The use of botulinum toxin and other muscle relaxers represents such a strategy, as excessive muscle contractions are present, by definition, in all dystonias. Likewise, the basal ganglia and the cerebellum have both been shown to regulate cortical excitability, suggesting that aberrant cortical plasticity may represent another final common pathway in dystonia. The fact that stimulation-based interventions such as TMS and DBS, which are thought to directly affect plasticity, are broadly effective across many forms of dystonia, is consistent with this idea. The success of this approach thus far suggests that it may be advantageous to follow this strategy for future drug discovery efforts as well.
The trend towards focusing on "pure" dystonias, such as DYT1 dystonia, to the exclusion of secondary and/or dystonia-plus syndromes represents a potential barrier in identifying relevant pathological mechanisms. The known causes for "pure" dystonias are limited in comparison to secondary and dystonia-plus syndromes. In addition, the notion of focusing on a 'pure' syndrome has never been a requirement in studies of other movement disorders such as PD or ataxias, which are likewise characterized by diverse etiologies and manifestations. While detailed studies of primary dystonias will undoubtedly provide insight into the mechanisms of pathogenesis in both primary and secondary dystonias, the information gained from "mixed" syndromes has already proven invaluable to the understanding and treatment of dystonia. For example, focal lesions of the basal ganglia and cerebellum first implicated these structures in dystonia. Similarly, the link between dystonia and DA dysfunction was, in part, derived from the presence of dystonic movements in PD and in patients on chronic neuroleptic therapies. Finally, in addition to the many phenotypic manifestations of primary dystonias, the combination of structural and physiological anomalies present in individual cases is rarely uniform. This argues against the very existence of a "pure" dystonic syndrome, suggesting that the current definition may not, in itself, be particularly useful.
On a similar note, it is also critical that a variety of animal models be studied to avoid potential idiosyncrasies in individual models. The pitfalls of using a single model have been clearly illustrated in pre-clinical studies of amyotropic lateral sclerosis (ALS) and multiple sclerosis (MS), where the pathological processes in the most commonly used models differ from that seen in most human cases [204, 205] . Thus, despite identifying a number of promising drug candidates, studies using these models have failed to lead to an effective treatment for human patients. Fortunately, a number of models of dystonia, both etiologic and phenotypic, have become available in the last decade. The choice of model, as always, will depend on the overall goal of the research. For example, pharmacologically-induced dystonia is advantageous for high through-put screening of potential therapeutics, but may fail to replicate dysfunction in pathways that are activated when dystonia arises "naturally" (i.e. etiologic models). On the other hand, a number of attempts to develop etiologic models by introducing gene variants that are strongly correlated with dystonia in humans have failed to produce a behavioral phenotype.
While this review illustrates the value of investigating shared mechanisms of pathogenesis, the importance of identifying divergent mechanisms in distinct subtypes of dystonia cannot be overstated. Both approaches will likely provide unique insight into the underlying pathology, and will contribute in different ways to the development of effective therapeutics.
The ultimate objective of basic and clinical research in the field of dystonia is to identify the underlying pathological mechanisms, and to develop therapeutic strategies that prevent, alleviate, and/or resolve dystonic symptoms. The identification of shared features of pathogenesis addresses both goals by providing insight into the biological processes that underlie etiologically-diverse dystonias, and suggesting novel targets for broadly effective therapeutic intervention. Thus comparing similarities across different types of dystonia or different dystonia models may be more fruitful than extraordinarily detailed studies of a single type of dystonia or model. (GCH = GTP cyclohydrolase; PTPS = 6-pyruvoyl-tetrahydropterin synthase; SPD = sepiapterin reductase; TH = tyrosine hydroxylase)
